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Introduction

Summary

To determine the effect of glucocorticoids (GCs) on endothelial dysfunction
(ED) and on traditional cardiovascular (CV) risk factors in the adjuvant-
induced arthritis (AIA) rat model. At the first signs of AIA, a high dose (HD)
[10 mg/kg/day, intraperitoneally (i.p.), GC-HD] or low dose (LD) (1 mg/kg/
day, i.p., GC-LD) of prednisolone was administered for 3 weeks. Endothelial
function was studied in aortic rings relaxed with acetylcholine (Ach) with or
without inhibitors of nitric oxide synthase (NOS), cyclooxygenase 2 (COX-
2), arginase, endothelium derived hyperpolarizing factor (EDHF) and
superoxide anions (O;°) production. Aortic expression of endothelial NOS
(eNOS), Ser1177-phospho-eNOS, COX-2, arginase-2, p22phox and p47"h°X
was evaluated by Western blotting analysis. Arthritis scores, blood pressure,
heart rate and blood levels of cytokines, triglycerides, cholesterol and glucose
were measured. GC-HD but not GC-LD reduced arthritis score significantly
and improved Ach-induced relaxation (P < 0-05). The positive effect of GC-
HD resulted from increased NOS activity and EDHF production and
decreased COX-2/arginase activities and O3° production. These functional
effects relied upon increased phospho-eNOS expression and decreased COX-
2, arginase-2 and nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase expression. Despite the lack of effect of GC-LD on ED, it increased
NOS and EDHF and down-regulated O° pathways but did not change
arginase and COX-2 pathways. GC-HD increased triglycerides levels and
blood pressure significantly (P < 0-05). Both doses of GCs decreased to the
same extent as plasma interleukin (IL)-13 and tumour necrosis factor
(TNF)-« levels (P < 0-05). Our data demonstrated that subchronic treatment
with prednisolone improved endothelial function in AIA via pleiotropic
effects on endothelial pathways. These effects occurred independently of the
deleterious cardiometabolic effects and the impact of prednisolone on
systemic inflammation.

Keywords: adjuvant-induced arthritis, endothelial dysfunction, glucocorti-
coids, mechanisms

factors are able to modify the phenotype of endothelial cells,

Rheumatoid arthritis (RA) is one of the most common
chronic autoimmune diseases characterized by articular and
extra-articular manifestations, including cardiovascular
(CV) diseases, the latter accounting for 30-50% of all deaths
[1]. To date, the exact reasons for this excess CV risk are not
known, but RA-dependent factors, traditional CV risk fac-
tors and iatrogenic factors are likely to play a role [2]. These

thereby leading to endothelial dysfunction (ED), i.e. a func-
tional and reversible alteration of endothelial cells leading to
a shift of the actions of the endothelium towards reduced
vasodilation, proinflammatory state, proliferative and pro-
thrombotic properties. The presence of ED is recognized as
the Primum movens of atherogenesis, and as such is a semi-
nal target for reducing CV risk in RA [3].
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Glucocorticoids (GCs) were the first drugs to treat a
woman with RA successfully in 1948 [4]. Despite a signifi-
cant evolution in the treatment of RA, the majority of
patients still use GCs alone or in combination with disease-
modifying anti-rheumatic drugs (DMARDs). There is a
general awareness of the potential harmful CV effects of
GCs [4] but, surprisingly, the CV effects of GCs in case of
inflammatory diseases such as RA remain subject to debate
[5,6]. GCs might increase CV risk (CVR) by increasing CV
risk factors (dyslipidaemia, hypertension, insulin resist-
ance). However, GCs might also decrease CV risk by
decreasing the systemic and/or vascular inflammation. In
addition, GCs may modulate vascular function directly, as
GC receptors are expressed by both endothelial and vascu-
lar smooth muscle cells (VSMC) [7]. Recent reviews
addressing the effects of GCs on CV risk in RA yielded con-
flicting results. GCs were found to increase CV and/or mor-
tality risk [8-10], to improve CV/mortality prognosis [11]
or to have no or an uncertain effect [12,13]. Regarding the
endothelial function specifically, only five studies in RA
investigated the effects of GCs on ED, and reported that
GCs had no deleterious effect [14—17] or even beneficial
effects on vascular function [18]. Unfortunately, these few
studies suffer from important shortcomings due to a high
level of polymedication with other anti-rheumatic drugs,
the lack of control group, the small sample size, the hetero-
geneity in dosage or duration of GC treatment. In this
context, as randomization to GCs versus placebo in a long-
term clinical trial would be difficult to conduct and
perhaps even not feasible in RA, the use of animal models
of arthritis is a benchmark choice to address this question.
In the present study, we investigated the effect of a treat-
ment with prednisolone on endothelial function in AIA
rats. Endothelial function was studied on isolated aortic
rings on day 33 after arthritis induction (i.e. at a time at
which ED has been observed previously in this model
[19]), and the mechanisms involved were dissected. The
effect of GC on disease activity and systemic inflammation
was assessed by measurement of arthritis score and plasma
interleukin (IL)—1B and tumour necrosis factor (TNF)-a
levels, respectively. We also measured blood pressure, heart
rate, glycaemia and blood lipid levels to assess whether the
treatment modified CV risk factors.

Material and methods

Animals

Six-week-old male Lewis rats (n=96) were purchased
from Janvier (Le Genest-Saint-Isle, France). Animals were
kept under a 12 h-12 h light—dark cycle and allowed free
access to food and water. The experimental procedures
were approved by the local committee for ethics in animal
experimentation no. 2012/018-CD of Franche-Comté Uni-
versity (Besancon, France), and complied with the Animal
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Research: Reporting In Vivo Experiments (ARRIVE)
guidelines.

Induction and clinical evaluation of the arthritis
model

Adjuvant arthritis was induced by a single intradermal
injection at the base of the tail of 120 pl of 1 mg of heat-
killed Mycobacterium butyricum (Difco, Detroit, MI, USA)
suspended in 0-1 ml of mineral oil (Freund’s incomplete
adjuvant; Difco). Rats were weighed daily and monitored
for clinical signs of arthritis. The scoring system was
employed as follows [20]: arthritis of one finger scores 0-1,
weak and moderate arthritis of one big joint (ankle or
wrist) scores 0-5 and intense arthritis of one big joint scores
1. Tarsus and ankle were considered as the same joint. Sum
of joints scores of four limbs leads to an arthritis score of
maximum 6 to each rat.

Drug treatment

At the beginning of arthritis (i.e. at days 11-12 post-immu-
nization) AIA rats were randomized in three groups. One
group received intraperitoneally (i.p.) prednisolone phos-
phate sodium salt at 13-4 mg/kg/day (equivalent to 10 mg/
kg/day prednisolone) [GC high dose (GC-HD), n= 32] or
at 0-134 mg/kg/day (equivalent to 0-1 mg/kg/day predniso-
lone) [GC low dose (GC-LD), n=32] for 3 weeks (sub-
chronic treatment). Another group received saline at 1 ml/
kg/day (i.p.) for 3 weeks (vehicle, n = 32). The HD of pred-
nisolone corresponds to a dose that results in a significant
reduction in arthritis severity [21]. The LD of prednisolone
was chosen on the basis of preliminary experiments aiming
to find a subtherapeutic dose on clinical arthritis in this
model. The LD was used as a pharmacological tool to
determine whether a vascular effect of GC might occur
independently of the reduction of arthritis severity.

Tissue collection, blood pressure and heart rate
measurements

Twenty-one days after treatment initiation, rats were anaes-
thetized with pentobarbital (60 mg/kg, i.p.). Blood pressure
and heart rate were measured after cannulation of the left
carotid artery and connection of the catheter to a pressure
recorder system (Easy Graf, Gould, USA) under rectal tem-
perature control. Blood was then withdrawn from the
abdominal artery and centrifuged to obtain serum and
plasma stored at —80°C until analysis. Thoracic aortas
were removed and were used either immediately for the
group of rats used for vascular reactivity studies or frozen
in liquid nitrogen and stored at —80°C until Western blot
analysis.

Vascular reactivity

At the end of the treatment period (day 33 post-
immunization, i.e. the time at which ED is present in the
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AIA model [19,22-24]) thoracic aorta was excised, cleaned
of connective tissue and cut into rings ~2 mm in length.
Rings were suspended in Krebs solution (mol/l: NaCl 118,
KCl 465, CaCl, 2-5, KH,PO, 1-18, NaHCO; 24-9, MgSO,
1-18, glucose 12, pH 7-4), maintained at 37°C and aerated
continuously with 95% O,, 5% CO, for isometric tension
recording in organ chambers. After a 90-min equilibration
period under a resting tension of 2 g, the presence of func-
tional endothelium was verified by the ability of acetylcho-
line (Ach, 10~ mol/l) to induce more than 70% relaxation
in rings preconstricted with phenylephrine (PE, 10~° mol/
1). In some rings, endothelium was removed mechanically.
The completeness of endothelial denudation was confirmed
by absence of relaxation in response to Ach (10~° mol/l).
To determine whether GCs improved endothelial function,
rings with intact endothelium were constricted with PE
(107° mol/l) and endothelium-dependent relaxation to
Ach (10~ " =10" * mol/l) was compared between GCs and
vehicle group. To investigate the mechanisms involved,
rings were incubated previously for 1 h with the non-
selective nitric oxide synthase (NOS) inhibitor Nyy-nitro-L-
arginine methyl ester (L-NAME, 10~ * mol/l), arginase
inhibitor N,,-hydroxy-nor-L-arginine (nor-NOHA, 10 *
mol/l), superoxide dismutase mimetic (SOD) Tempol
(10~* mol/l), selective cyclooxygenase-2 (COX-2) inhibitor
(NS-398, 10~° mol/l) and Ca”—dependent K" channel
inhibitors apamin (10”7 mol/l) and charybdotoxin (10~
mol/l), respectively. Endothelium-denuded rings were used
to determine the vasoconstrictive response to noradrenalin
(NE, 107" —107* mol/l) and the vasorelaxant response to
the NO-donor sodium nitroprussiate (SNP, 10~ ''—10"*
mol/l) after preconstriction with PE 10~ ° mol/l.

Western blot analysis

To investigate whether the effects of GCs on endothelial
function relied upon changes in protein expression, the
protein content of eNOS and phospho-Ser1177-eNOS (P-
eNOS, an activated form of eNOS at serine 1177 that pro-
duces a sustained release of endothelial NO), arginase-2,
COX-2, p22°" and p47P"°* [membrane-bound and cyto-
solic components, respectively, of nicotinamide adenine
dinucleotide phosphate (NADPH oxidase), a major vascu-
lar enzyme responsible for O3° production], was assessed
in homogenates of thoracic aortas from vehicle and GC
groups by Western blotting analysis, as described previ-
ously in detail [25] (see Supporting information).

Blood measurements

Total cholesterol and triglycerides were measured in serum
(Vista; Siemens, Malvern, PA, USA) and glucose was meas-
ured in blood using a glycometer (GlucoMen; Menarini
Diagnostics, Florence, Italy). Plasma levels of proinflamma-
tory cytokines [interleukin (IL)-1B] and tumour necrosis
factor (TNF)-a were measured using Milliplex magnetic

bead panel kits (eBioscience, Vienna, Austria), analysed
using a Luminex MAGPIX system (Luminex Corporation;
Houston, TX, USA) and Milliplex Analyst software (Milli-
pore, St Charles, MO, USA). The limits of detection pro-
vided by the manufacturer for IL-13 and TNF-a were 13
and 3-78 pg/ml, respectively.

Data and statistical analysis

Values are presented as means = standard error of the
mean (s.e.m.). Data were analysed using GraphPad Prism
software version 5.0. Contractile responses to NE were
expressed as the percentage of the maximum response to
KCI 100 mmol/l. Relaxant responses to SNP and Ach were
expressed as the percentage of relaxation of the contractile
response to PE 10~ ° mol/l. Concentration—response curves
to Ach, SNP and NE in vehicle and GC were compared by
two-way analysis of variance (aNova) for repeated meas-
ures. In each group (vehicle, GC-HD, GC-LD), concentra-
tion-response curves to Ach with or without a specific
inhibitor were compared by two-way anova for repeated
measures. The two factors of ANOvA were concentration (of
Ach, SNP or PE) and treatment (vehicle, GC-LD or GC-
HD) or pharmacological inhibitor (LNAME, etc.). When
necessary, to understand more clearly the effect of inhibi-
tors, the results were expressed as the area under the curve
(AUC) calculated from the individual concentration—
response curves. Comparison between two values was
assessed by unpaired Student’s t-test or Mann—Whitney U-
test when data were not normally distributed. The analysis
of the relationship between two parameters was determined
by linear regression analysis and Spearman’s correlation
coefficient was calculated between these variables. P < 0-05
was considered statistically significant.

Results

Effects of GC on clinical and biological parameters

Compared to vehicle, as expected, GC-LD did not reduce
arthritic score (Fig. la). Similarly, SBP, diastolic blood pres-
sure (DBP), heart rate, glycaemia and triglyceride levels
were unchanged compared to vehicle, whereas total choles-
terol levels were reduced (Table 1). Conversely, GC-HD
decreased arthritis scores dramatically in AIA (Fig. 1b) and
induced higher SBP and DBP (P < 0-05), higher triglycer-
ide levels (P<0-001), lower cholesterol levels (P < 0-01)
and slightly increased glycaemia, although the difference
was not significant (Table 1). Regarding plasma cytokine
levels, GC-HD and GC-LD reduced significantly IL-1(3
(—69 and —75% versus vehicle, respectively) and TNF-a
levels (—70 and —75% versus vehicle, respectively) to the
same extent (Table 1).
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Fig. 1. Evolution of arthritis in vehicle and glucocorticoid (GC)-treated rats. Arthritis scores were plotted over time after adjuvant-induced
arthritis (AIA) induction in rats treated with (a) a low dose (LD) of prednisolone (0-1 mg/kg/day, GC-LD), (b) a high dose (HD) of
prednisolone (10 mg/kg/day, GC-HD) and compared to saline-treated rats (vehicle). Values are the mean = standard error of the mean (s.e.m.)

(n = 32 rats/group). ***P < 0-001.

The low dose of GC did not improve endothelial
function in AIA but induced some endothelial
phenotypical changes

To determine whether GC might modify endothelial func-
tion independently of their effect on arthritis severity, the
concentration—response curves to Ach were compared
between GC-LD and vehicle-treated AIA rats. As shown in
Fig. 2a, GC-LD did not change Ach-induced vasorelaxa-
tion. To ascertain that this effect was not due to impaired
response of VSMCs to vasoconstrictive stimulus or to the
relaxant effect of NO, the effect of GC-LD on NE-induced
vasoconstriction and on SNP-induced vasodilation was

Table 1. Effect of glucocorticoids on physiological and biological

parameters

Vehicle GC-LD GC-HD
SBP (mm Hg) 101 =4 102+ 4 115 £ 4*
DBP (mm Hg) 65+ 4 64+4 79 = 3*
Heart rate (bpm) 225+ 13 229 + 12 218+ 8
Total cholesterol (g/l)  0-89=0-03  0-80 =0-01*  0-77 = 0-03**
Triglycerides (g/1) 0-56 =0-05 0-57£0:05  0-95=% 0-09***
Blood glucose (g/1) 1-04 £0-03 110+ 0-05 110 = 0-04
TNF-a (pg/ml) 289+ 7.0 7.2 & 2.4* 8.7 = 3.2%
IL-1B (pg/ml) 67-2*+14.7 163 £52% 213 £6-8*

*P < 0-05 **P<0-01; ***P<0-001. SBP = systolic blood pres-
sure; DBP = diastolic blood pressure; MAP = mean arterial blood
pressure; TNF = tumour necrosis factor; IL = interleukin; GC-
HD = glucocorticoids high dose; GC-LD = GC low dose. All
parameters were measured in adjuvant-induced arthritis (AIA) rats
at day 33 post-immunization after 21 days of treatment (intraperito-
neally) with saline (vehicle) or prednisolone at a low dose (0-1 mg/
kg/day, GC-LD) or a high dose (10 mg/kg/day, GC-HD). Values are
expressed as means = standard error of the mean (n = 10-20 rats per

group).

determined on endothelium-denuded aortic rings. Results
demonstrated that the response to the NO-donor SNP
(Fig. 2b) or to NE (Fig. 2¢) was not different between GC-
LD and vehicle rats.

Despite the absence of effect on endothelial function,
certain endothelial pathways involved in Ach-relaxant
effects were modified by this subtherapeutic dose of GC.
Incubation of rings with L-NAME significantly blunted
Ach-associated relaxation in both the vehicle (Fig. 3a) and
GC-LD groups (Fig. 3b). However, the effect of L-NAME
was greater in GC-LD compared to vehicle (% reduction
of AUC: 78 £5 versus 69 =7, P=0-036), thus suggesting
that NOS activity was enhanced by GC-LD. This finding
was confirmed by the higher expression of P-eNOS (the
active form of eNOS) (Fig. 3d) and total eNOS expression
(Fig. 3f) in the GC-LD group. In vehicle AIA, as a reflec-
tion of increased O3° production, Tempol improved Ach-
induced vasorelaxation (Fig. 4a). The treatment of AIA
with GC-LD abolished the impact of Tempol on Ach-
induced relaxation (Fig. 4b). This effect was due, at least
partly, to a decrease in p22P"* expression (Fig. 4d),
p47°"°* expression being unchanged by the treatment
(Fig. 4f). A deficit in endothelium-derived hyperpolariz-
ing factor (EDHF) production is present in vehicle AIA,
as apamin and charybdotoxin did not reduce but, on the
contrary, improved Ach-induced vasodilation (Fig. 5a).
GC-LD restored the EDHF contribution significantly, as
attested by the reduction of Ach-induced relaxation (Fig.
5b). By contrast, GC-LD had no effect on arginase activity
(Fig. 5e) and COX-2 activity (Fig. 5h). In summary, the
low dose of GC increased NOS activity and EDHF pro-
duction and decreased O° production, but these effects
were not sufficient to translate into an improvement of
endothelial function.
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Fig. 2. Vascular reactivity to vasodilators and vasoconstrictive agents in adjuvant-induced arthritis (AIA) treated with prednisolone. Experiments
were performed on thoracic aortic rings harvested at the end of the treatment period (21 days after the onset of arthritis) of AIA rats treated
with saline (vehicle) or with prednisolone at low dose (LD) (0-1 mg/kg/day, GC-LD) or high dose (HD) (10 mg/kg/day, GC-HD).
Concentration-response curve of Ach in endothelium-intact aortic rings preconstricted with phenylephrine (PE) 10~¢ mol/l (a,d), sodium
nitroprussiate (SNP) on endothelium-denuded aortic rings preconstricted with PE 10 ° mol/l (b,e) and noradrenalin (NE) on endothelium-
denuded aortic rings (c,f). Values are the mean * standard error of the mean (s.e.m.) (n= 6-15 aortic rings from 6-15 rats per group).

**P < 0-01, by two-way analysis of variance (aNova) for repeated measures.

The high dose of GC enhanced endothelial function
in AIA via pleiotropic endothelial mechanisms

Contrary to GC-LD, GC-HD improved endothelial function
significantly, as attested by the improvement of Ach-induced
relaxation compared to vehicle ATA (Fig. 2d). No difference
regarding NE-induced vasoconstriction and SNP-induced
relaxation was observed between GC-HD and vehicle (Fig 2e,
f). The beneficial effect of GC-HD relies on increased NOS
activity (the L-NAME-induced reduction of AUC of Ach was
greater in GC-HD, —82 * 2%, than in the vehicle group,
—69 * 7%, P=0-035, Fig. 3¢), as confirmed by the increase
in P-eNOS expression (Fig. 3e). Conversely, total eNOS
expression was unchanged (Fig. 3g). GC-HD led to a decrease
in O3° production, as attested by the lack of effect of Tempol
on Ach-induced relaxation (Fig. 4c) secondary to decreased
expression of both p22P"* (Fig. 4e) and p47™"** (Fig. 4g)
expression. GC-HD restored the EDHF contribution in AIA

212

(Fig. 5¢). Whereas incubation of aortic rings with the argi-
nase inhibitor nor-NOHA improved relaxation in vehicle
(Fig. 5d), consistent with the increased deleterious activity of
this enzyme in AIA [18], nor-NOHA decreased the response
to Ach in GC-HD group (Fig. 5f). These data indicated that
GC-HD decreased arginase activity, an effect associated with
a blunted expression of arginase 2 (Fig. 5j). Moreover, GC-
HD decreased COX-2 activity (the effect of NS-398 on Ach-
induced relaxation is abolished in the GC-HD group, Fig. 51),
as well as COX-2 expression (Fig. 5k). Overall, the results
indicate that the HD of GCs induced changes in the major
endothelial pathways activated by Ach leading to the
improvement of endothelial function in AIA.

Of note, no correlation was found between arthritis
score and Ach-induced relaxation (AUC) (r = -0-316,
P=0-7) (all AIA rats from the three groups, data not
shown).
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Fig. 3. Effects of low dose (LD) and high dose (HD) of glucocorticoid (GC) on nitric oxide synthase (NOS) pathway. Experiments were
performed on thoracic aortic rings harvested at the end of the treatment period (21 days after the onset of arthritis) of adjuvant-induced
arthritis (AIA) rats treated with saline (vehicle), or a low dose of prednisolone (0-1 mg/kg/day, GC-LD) or a high dose of prednisolone (10 mg/
kg/day, GC-HD). Cumulative concentration-response curves of acetylcholine (Ach) were obtained after incubation or not with NW-nitro-L-
arginine methyl ester (L-NAME) at 10~ * mol/l (a—c). Expression of endothelial nitric oxide synthase (eNOS) (f,g) and its phosphorylated form at
serine 1177, P-eNOS (d,e), were evaluated in aortas by Western blotting. Values from the concentration—response curves are the mean

+ standard error of the mean (s.e.m.) (n = 7-15 rings from 7-15 rats per group), compared by two-way analysis of variance (anova) for

repeated measures. Values from immunoblots are the mean * s.e.m. (n = 6 rats per group), compared by the Mann—Whitney U-test. *P < 0.05;
P <0-001.

Discussion With regard to the effect of GC therapy, certain studies
Although ED is acknowledged as the early vascular event reported a positive effect or the lack of effect on endothelial
leading to atherogenesis and, in turn, high risk of morbidity function in RA patients [14-18]. These discrepant results
in RA [3], only a few studies were designed to identify thera- may be explained by the great heterogeneity in RA disease
peutic options able to reduce this vascular impairment. stage, dosages and treatment duration of GCs, or therapies
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Fig. 4. Effects of low dose (LD) and high dose (HD) of glucocorticoid (GC) on superoxide anions production. Experiments were performed on
thoracic aortic rings harvested at the end of the treatment period (21 days after the onset of arthritis) of adjuvant-induced arthritis (AIA) rats
treated with saline (vehicle) or with a low dose of prednisolone (0-1 mg/kg/day, GC-LD) or with a high dose of prednisolone (10 mg/kg/day,
GC-HD). Cumulative concentration-response curves of acetylcholine (Ach) were obtained after incubation or not with Tempol at 10~* mol/l
(a—c). Expression of the subunits of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase p22phox (d,e) and p47phox (f,g) were
evaluated in aortas by Western blotting. Values from the concentration—response curves are the mean * standard error of the mean (s.e.m.)

(n = 8-15 rings from 8-15 rats per group), compared by two-way analysis of variance (aNovA) for repeated measures. Values from immunoblots
are the mean * s.em. (n = 6 rats per group), compared by the Mann—Whitney U-test. *P < 0-05; ***P < 0-001.

associated with GCs among these studies. Using an animal and disease activity are both reduced by the clinically effi-
model of RA that offers the unique opportunity to standard- cient GC-HD, but refractory to the inefficient GC-LD, sug-
ize these different points, the present study revealed that ED gesting a contribution of decreased arthritis severity to the

214 © 2017 British Society for Immunology, Clinical and Experimental Immunology, 188: 208-218



Glucocorticoids and endothelial function in arthritis

(@) Vehicle (b) GC-LD () GCLD
100 100+
100+ J J }H
—_ x . 80_ *kk - 80'
" S g
5 601 5 601 § 60
E 404 ‘_"340- ‘_"3 404
- [7) [] . .
K 20 -e- Ach + Apamin/Charybdotoxin 2 5] -+ Ach + Apamin/Charybdotoxin & 90 & Ach + Apamin/Charybdotoxin
- Ach -+ Ach -+ Ach
@2 A0 8 6 4 2 M2 A 8 6 4 2 M2 A 8 & 4 2
log [Ach] log [Ach] log [Ach]
(d) (e) (f)
Vehicle GC-LD GC-HD
100 1007 100
]
. 80 e . 80 ol }
S g S
5 o 5 £ 60
" ® =
2 4] 5 407 % 407
T ° S
€ 2 - Ach + Nor NOHA © 201 -~ Ach+NorNOHA @ o Ach + Nor NOHA
- Ach —+ Ach = Ach
0 T T T T 0 T T T T 1 0 T T T T 1
2 A0 8 -6 4 2 0 8 -6 4 2 2 40 8 5 4 2
log [Ach] log [Ach] log [Ach]
(9) i (h) 0]
Vehicle GC-LD GC-HD
100- ] 1007 Jore 100+ Tns
a0
~ 807 : —~ 80
S < 9
5 § ™ 5
2 = 2
% 40 3 401 S 40-
K] g -+ Ach + NS398 T
] ©AChENSIB ] € ol = Ach+ NS398
-»- Ach = Ach -= Ach
v—1 2 -1IO -IS -I6 -:1 v-1 2 -1I 0 -I8 -I6 -I4 -I2 .._1 2 .1I 0 .Ia .Is _'4 _'2
log [Ach] log [Ach] log [Ach]
() (k)
Aig2 @ . - - COX2 i
[ Il | | . I |
Vehicle GC-HD Vehicle GC-HD
0157 0-10- 3 Vehicle
[ Vehicle - GotD
£ = GC-HD o oos{ T
Q
® b=
L 010 3]
2 € 006 .
-
q *
@ S
9 V) 0-04-
£ 0.05- 8
o
o 0-02
<
0-00 0-00

Fig. 5. Effects of low dose (LD) and high dose (HD) of glucocorticoid (GC) on endothelium derived hyperpolarizing factor (EDHF), arginase,
cyclooxygenase 2 (COX-2) pathways. Experiments were performed on thoracic aortic rings harvested at the end of the treatment period (21 days
after the onset of arthritis) of adjuvant-induced arthritis (AIA) rats treated with saline (vehicle) or with a low dose of prednisolone (0-1 mg/kg/

day, GC-LD) or with a high dose of prednisolone (10 mg/kg/day, GC-HD). Cumulative concentration—response curves of acetylcholine (Ach)

were obtained after incubation or not with Apamin and charybdotoxin at 10~ mol/l (a—c), Nw-hydroxy-nor-L-arginine (NOHA) at 10~* mol/l
(d—f) or NS-398 at 10~ mol/l (g-i). Expression of arginase 2 (j) and COX-2 (k) were evaluated in aortas by Western blotting. Values from the
concentration—response curves are the mean =* standard error of the mean (s.e.m.) (n = 8-15 rings from 8-15 rats per group), compared by
two-way analysis of variance (anova) for repeated measures. *P < 0-05; ***P < 0-001. Values from immunoblots are the mean * s.em. (n = 6
rats per group), compared by the Mann-Whitney U-test. *P < 0-05; ***P < 0-001.
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observed effects on endothelial function. In our conditions,
the HD of prednisolone was associated with a negative effect
on cardiometabolic parameters, such as blood pressure and
lipid levels. Thus, even though the transposition of the dose
used in an animal model to doses used in clinical conditions
is somewhat speculative, it can be assumed that the HD
used in this study in AIA may be related to an intermediate
or HD of prednisolone in RA patients (i.e.>7-5 mg per
day) [26]. Unexpectedly, both doses changed endothelial
phenotype in AIA rats. Therefore, even if the reduction of
arthritis probably contributes to the effect of GC, this result,
associated with the lack of correlation between arthritis score
and endothelial function, suggests that a direct effect of GC
on endothelial cells is also involved. However, while the two
GC doses share the same positive effect on NOS activity
(increase), O27° (decrease) and EDHF (increase) produc-
tion, only the HD decreased the COX-2 and arginase path-
ways. These data corroborate the seminal role of the balance
between COX-2 and NOS/arginase pathways in endothelial
dysfunction identified previously in AIA [24], and demon-
strate that the positive effect of GCs on endothelial function
requires a combination of concomitant effects on NOS, argi-
nase, COX-2 and O5° pathways, as observed previously with
other drugs such as arginase inhibitors or etanercept [18,24].
The pleiotrophic effects of GC on endothelial pathways sug-
gest that, at least partly, GC acts on a common endothelial
effector. One candidate might be the p38 mitogen-activated
protein kinase (MAPK) signalling pathway, activated by
inflammation [27], which activates eNOS [28], arginase [29]
and COX-2 [30], the activity of which was shown to be
reduced by GCs, at least in macrophages [31]. Further stud-
ies are warranted to confirm this hypothesis.

In an attempt to link the effect of GC on ED to their
effect on systemic inflammation, plasma IL-1p and TNF-q,
two dominant mediators of immune-mediated joint dis-
ease in RA patients and experimental models [32], were
measured. Preclinical studies suggested previously that cir-
culating proinflammatory cytokines such as IL-1B and
TNF-a could be reliable biomarkers of ED in RA [22].
Moreover, both cytokines were reported to induce ED
acutely [33,34]. In contrast, the present study reported a
similar decrease in plasma levels of these cytokines by GCs
irrespective of its impact on endothelial function in AIA
rats. This apparently conflicting result does not question
the involvement of inflammatory processes in ED elicited
by AIA, but rather supports the idea that the effect of drugs
on ED in RA patients cannot be predicted from circulating
proinflammatory cytokine levels. Rather, it supports the
idea that circulating cytokines are not a reliable marker of
vascular inflammation, as suggested previously in other tis-
sues [35]. In addition, these data provide arguments that
the effect of GCs on endothelial pathways relies — at least
partly — on a direct vascular effect. Our results are consist-
ent with the previously reported lack of association
between cumulative inflammation and endothelial function

in RA patients [36-38]. They are also in line with a study
in RA, showing that DMARDs-treated RA patients who
used GCs had a better endothelial function than the non-
GC users, but that endothelial function (measured by flow-
mediated vasodilation) was not correlated with systemic
inflammation in this cohort (C-reactive protein levels and
erythrocyte sedimentation rate) [18]. Such disconnection
between the effect of a treatment on ED and on biological
inflammation resonates with previous findings with other
drugs than GCs. A recent meta-analysis reported that
despite a decrease in biological inflammation, anti-TNF-«
therapy induced no changes in ED [39]. Similarly, pioglita-
zone decreased markers of inflammation in RA patients,
while it did not change endothelial function [40,41]. From
a clinical perspective, these results suggest that biological
signs of inflammation are not useful to assess the impact of
GCs on endothelial function.

GC therapy was suggested to increase CV risk as a result
of GC-induced dyslipidaemia, hypertension and insulin
resistance [13]. In the present study, the subchronic admin-
istration of GC in AIA rats improved endothelial function
despite an elevation in blood pressure and triglyceride lev-
els. This finding suggests that the effects of GCs on tradi-
tional CV risk factors are not predictive of their effects on
endothelial function in RA, in agreement with evidence
that classical CV risk factors are minimally explaining the
CV risk in RA [42]. Our results resonate with a study
reporting that RA patients receiving DMARD alone or
DMARD + prednisolone for 5 years exhibited the same
endothelial function, despite a more frequent hypertension
and dyslipidaemia in the GC group [14]. However,
although not investigated in the present study, we cannot
exclude that the undesirable cardiometabolic actions of
prednisolone would outweigh its positive vascular effects
after longer treatment duration. Of note, as blood pressure
levels are determined by vascular tone in resistance vessels,
a differential effect of GC on ED among distinct vascular
beds cannot be excluded.

In conclusion, the present study demonstrated that a
subchronic treatment with prednisolone used at a clinically
efficient dose improved endothelial function in the AIA
model independently of its negative cardiometabolic
effects. Contrary to the traditional thinking that GCs
increased CV risk, our data suggest that GCs might prove
beneficial for vascular function in early RA. From a clinical
perspective, as ED and increased CV risk occurs early after
RA onset [43], studying the effects of GCs on ED when
used as a bridge therapy for other DMARDs in early RA
would be of particular interest.
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